products obtained, in comparison to SmF (Akpinar and Ozturk Urek, 2012) . On the other hand, SmF has the advantage of great homogeneity of culture medium and maintenance of parameters such as temperature and pH (Colla et al., 2010) . Using diverse microorganisms, growth media, and culture conditions enables the production of biosurfactants of different chemical structures and expands the fields they are used in. Different biological sources and substrates are also important in lowering the production cost and increasing the production yield.
The present study focused on biosurfactant production by Pleurotus ostreatus using 2 different production media and conditions (SmF and SSF). P. ostreatus is a type of white rot fungus and is known as active lignin degrader. Despite some well-known biosurfactants such as rhamnolipids (Pseudomonas sp.); sophorolipids (Candida sp.); surfactin, iturin, and fengycin (Bacillus sp.); and emulsan (Acinetobacter sp.), information on production yield and physicochemical properties of biosurfactant produced by P. ostreatus is limited (Chamanrokh et al., 2008; Abdel-Mawgoud et al., 2009; Chandran and Das, 2011; Pemmaraju et al., 2012) . Biosurfactant production was screened by oil spreading technique, emulsification index, and surface tension assay. Moreover, biosurfactant produced in SSF, an effective and economical production approach using sunflower seed shell as the carbon source, was further characterized by Fourier transform infrared (FT-IR) spectroscopy, and the chemical composition of the extracted biosurfactant was determined.
Materials and methods

Chemicals
Potato dextrose agar (PDA) and peptone were purchased from Oxoid Microbiology Products (UK). All other medium chemicals were obtained from Sigma-Aldrich (Germany). Other reagents were of analytical grade and were obtained from Merck (Germany). KBr was of FT-IR grade and was also obtained from Merck. ) at 25 °C for 7 days (Stajic et al., 2006) and was stored at 4 °C. For SmF and SSF we used a basidiomycete-rich medium (pH 6.0) (g L O, 0.033; and peptone, 10.0 (Bazalel et al., 1997) . For SmF cultivations we added 10 g L -1 D-glucose and 10 mL L -1 sunflower seed oil; for SSF, we added 10 mL L -1 sunflower seed oil. For biosurfactant production in SmF we used agar plugs (1 cm 2 ) that were inoculated into 99 mL of medium and 1 mL of sunflower seed oil in 250-mL Erlenmeyer flasks after sterilization (at 121 °C for 20 min). Cultivation was carried out at 29 °C and 150 rpm of shaking for 20 days (Nikiforova et al., 2009 ). Cells were removed by centrifugation at 5000 rpm and 4 °C for 20 min, and supernatant was used for determining the analysis below. For SSF, biosurfactant production medium was prepared with 5 g of sunflower seed shell (obtained from Doğa Gıda, Izmir, Turkey) in 250-mL Erlenmeyer flasks. After sterilization, 9.9 mL of liquid medium and 0.1 mL of sunflower seed oil (humidity: 70%) was added to the solid medium, and agar plugs (1 cm 2 ) were inoculated. Flasks were incubated at 29 °C for 20 days with and without shaking (150 rpm). For extraction, each flask received 25 mL of distilled water and was agitated for 1 h at 150 rpm at 29 °C. The suspension was centrifuged at 5000 rpm and 4 °C for 15 min and supernatant was used in the analysis described below.
Organism and culture conditions
-
Emulsification index measurements
Emulsification index was measured according to Pinto et al. (2009) by combining 3.5 mL of extract and 2 mL of sunflower seed oil. The mixture was agitated in a vortex agitator at high speed for 1 min. Nonfermented culture media was used as the blank. The emulsion index was calculated after 24 h (E 24 ) and 48 h (E 48 ) by the height of the emulsion layer divided by total height and multiplied by 100, as shown in Eq. (1). Emulsifying activity (EA) was determined according to Eq. (2). E sample = (H emulsion layer / H total ) × 100; H = height (1) EA = (E sample -E blank ) × D; D = dilution of sample in water (2) 2.4. Oil spreading test Sunflower seed oil (200 µL) was added to distilled water in a 50-mL petri dish to form a layer on the surface, and 20 µL of cell-free supernatant was gradually added to the center of the oil layer. The diameter of the clear zone on the oil surface was measured in relation to the biosurfactant concentration. Distilled water was used as a negative control and standard surfactants, such as Tween 80 and Triton X-100, were used as positive controls (Youssef et al., 2004) .
Measurement of surface tension
The extracts obtained during the biosurfactant production process in SmF and SSF that had the highest emulsification index values were used for the determination of surface tension using a Sigma 701 digital surface tensiometer (KSV Instruments LTD, Finland), working on the principle of the Du Nuoy ring method at room temperature (24 °C).
Determination of protein and reducing sugar concentrations
Protein concentration was measured according to Bradford and bovine serum albumin was used as the standard (Bradford, 1976) . Concentration of reducing sugars was measured by 3,5-dinitrosalicylic acid reagent. A standard curve was prepared using different glucose concentrations (Miller, 1959) .
Extraction of biosurfactant
After P. ostreatus cells were removed from the cultivation medium by centrifugation, in order to precipitate the produced biosurfactant, the method of Jain et al. was used (2012) . The resulting precipitation was collected by centrifugation at 5000 rpm and 4 °C for 30 min. The supernatant was removed and 10 mL of chloroform and methanol (2:1, v/v) was added to the precipitated pellet and incubated in a rotary shaker at 30 °C and 200 rpm for 20 min. The content was centrifuged at 5000 rpm and 4 °C for 30 min and the supernatant was evaporated by air drying (Chander et al., 2012) .
Chemical composition of biosurfactant
After the extraction process, the chemical composition of crude biosurfactant was determined. Protein, total carbohydrate, and lipid levels were measured according to Bradford (1976) , Dubois et al. (1956) , and Bligh and Dyer (1959) , respectively. 2.9. Fourier transform infrared spectroscopy FT-IR spectroscopy is the most useful method for identifying types of functional groups such as alkyls, carbonyls, and esters. The FT-IR spectra were recorded on a PerkinElmer Spectrum BX spectrometer in the spectral region of 4000-400 cm -1
. The extracted and dried biosurfactant was analyzed and a KBr pellet was used as a background reference.
Statistical analysis
The Tukey test was used for statistical significance analyses. The values were the means of 3 separate experiments.
Results
This study aimed to produce biosurfactant by P. ostreatus using different production conditions and media. Nikiforova et al. (2009) showed production of an emulsifying agent by P. ostreatus, yet as far as we know, research on biosurfactant production by P. ostreatus is limited to this study. In our study, we investigated emulsification index after 24 and 48 h (E 24 and E 48 ) during the incubation period. Studies on the emulsifying properties of SmF with sunflower oil are shown in Figure  1 . In a similar way, the emulsification index of SSF (with and without shaking) was followed during the incubation period. According to our results, the highest and the most stable emulsification index of SSF (with and without shaking) was observed on the fifth day of incubation (Table  1) . Therefore, the following analyses were applied on day 13 and day 5 of the samples of SmF and SSF, respectively.
The oil spreading technique measures the diameter of clear zones caused by a drop of biosurfactant solution on an oil-water surface (Morikawa et al., 2000) . In the present study, oil spreading ability was investigated in comparison to Tween 80 (0.1%, w/v) and Triton X-100 (0.1%, w/v) as positive controls and distilled water as a negative control (Table 2) . Youssef et al. (2004) reported that the oil spreading test is correlated with the ability of cultures to reduce surface tension, and the diameter of clear zones is linearly related to biosurfactant concentration. Molecules of a water droplet are held together by cohesion forces, and these intermolecular forces build surface tension. The surface tension of distilled water at room temperature is 72 mN m -1 , and when surfactant is added to it, the surface tension value is reduced (Satpute et al., 2010) . In our study, the surface tensions of the samples on day 5 of SSF (with and without shaking) and on day 13 of SmF were assessed (Figure 2 ). The biosurfactant produced in SSF with and without shaking cultivations had similar surface tension values (30.8 ± 0.8 and 30.6 ± 0.8 mN m -1 , respectively; P > 0.05). These results were significantly lower than the surface tension of the biosurfactant produced in SmF (40.7 ± 0.9 mN m -1 ) (P < 0.05). The data indicating that biosurfactants were produced in SSF and SmF culture media by P. ostreatus and surface tension measurement values were correlated to oil spreading values.
In addition, the reduction of sugar and protein levels of the samples on day 5 of the cultivation period for SSF , respectively. The obtained results were comparable to those of Abouseoud et al. (2008) , who extracted 2 g L -1 biosurfactant. After the extraction process, the color of the resultant precipitate gives information about the type of biosurfactant; generally, polymeric biosurfactants like emulsan have brown precipitate, while glycolipidtype biosurfactants such as rhamnolipid have gray-white precipitate (Patil and Chopade, 2001; Chander et al., 2012) . In our study, we had brown precipitate from both SSF productions (with and without shaking). The chemical composition of extracted biosurfactant was determined as 12.46 ± 0.9% carbohydrate, 19.06 ± 1.1% protein, and 60.48 ± 4.5% lipid. It can be inferred from the results that the produced biosurfactant might be a complexstructured biosurfactant. The results obtained thus far show that biosurfactant produced in SSF was more active than biosurfactant produced in SmF. Therefore, molecular compositions of biosurfactant produced in SSF (with and without shaking) were extracted and evaluated by FT-IR spectroscopy (Figure 3) .
The most important bands were located at 3297 and 3291 cm -1 (O-H stretching) and at 2929 cm -1 (C-H bands: CH 2 -CH 3 stretching), associated with the stretching vibration of the C-H bond of constituent sugar residues. A peak at 1659 cm -1 (C=O stretching) suggested the presence of carbonyl functionality in carboxylate or amide moieties of protein and peptide amines. The peaks at 1530 and 1535 cm -1 (N-H bending) were also an indication of proteins. The peaks at 1200-1400 cm -1 were an indication of hydrocarbon chain. Furthermore, the peaks at 1077 and 1076 cm -1 (C-O stretching) implied the presence of uronic acid and O-acetyl ester (Jain et al., 2012) . Since the peaks at 1659, 1530, and 1535 cm -1 showed the presence of protein, it might be concluded that the produced biosurfactants were protein-containing, such as lipopeptides or polymeric biosurfactants (Das and Mukherjee, 2007; Chamanrokh et al., 2010) . The high protein concentrations of produced biosurfactants supported this result. The peaks at 2929, 1077, and 1076 cm -1 are found in the structure of polysaccharide, which contains biosurfactants such as glycolipids and polymeric biosurfactants (Chamanrokh et al., 2010; Chander et al., 2012; Jain et al., 2012; Pulate et al., 2013) .
Discussion
The present study proposes that P. ostreatus has biosurfactant production potential for SSF. The highest emulsification index (E 24 ) value of SSF without shaking was 42 ± 4.0% and surface tension value was 30.6 ± 0.8 mN m . Emulsification is the dispersion of a liquid into another liquid, leading to the mixing of 2 immiscible liquids (Satpute et al., 2010) . The emulsification index is reliable in detecting biosurfactant production. The emulsification index stability designates the strength of a surfactant. The emulsification index values indicated that the product exhibited good and stable emulsifications (E 24 = 60 ± 5.0%; E 48 = 50 ± 4.5%) on day 13 of incubation. Based on this result, it can be deduced that the highest biosurfactant production and activity in SmF was on day 13. Colla et al. (2010) obtained emulsification index values of biosurfactant produced by Aspergillus sp. of 42.67% and 2.85% in SmF and SSF, respectively. In our study, the values obtained with regard to emulsification index were higher in SmF than SSF, similar to the study of Colla et al. (2010) . Our emulsification index values were also higher than theirs. In our study, biosurfactant produced in SmF conserved its emulsification index by 83.33 ± 5.4%, while biosurfactant produced in SSF with and without shaking conserved its index by 72.41 ± 4.9% and 92.86 ± 6.2%, respectively. Although E 24 and E 48 values of biosurfactant produced in SmF were higher than those produced in SSF with and without shaking, the most stable emulsion was formed in SSF without shaking. When choosing any application of biosurfactant, stability is as important as the emulsification index, as stable products facilitate longterm productivity.
Priya and Usharani (2009) applied oil spreading tests for 4 different oil types for rhamnolipid, which is produced by Bacillus subtilis and Pseudomonas aeruginosa. The highest clear area's diameter values were 2 and 2.2 cm in diesel oil, respectively. This shows that the biosurfactants that we produced by P. ostreatus have higher surface activity than rhamnolipid produced by B. subtilis and P. aeruginosa. Furthermore, while the biosurfactants produced in SmF and SSF without shaking had the same efficiency, the biosurfactant produced in SSF with shaking had lower oil spreading ability. Considering the results of this study, it can be suggested that the biosurfactant produced in SSF without shaking is as active as the biosurfactant produced in SmF. In this case, since the SSF technique is economical and easy, it is preferable to SmF in order to produce these compounds.
According to previous research, sophorolipid produced by Candida bombicola reduced the surface tension of water to 24 mN m -1 (Das and Mukherjee, 2007) . Surfactin produced by B. pumilus was reduced to 27 mN m -1 (Slivinski et al., 2012) , and rhamnolipid produced by P. aeruginosa and emulsan produced by Autochthonous bacteria were reduced to 33 and 30 mN m -1 , respectively (Chamanrokh et al., 2010; Kaya et al., 2014) . In our study, biosurfactant produced in SSF with and without shaking had a significant surface tension value in comparison to the literature.
In terms of emulsification index, biosurfactant produced in SmF as a surface-active agent was far more effective than biosurfactant produced in SSF with and without shaking. However, surface tension values showed that biosurfactant produced in SSF with and without shaking was more effective in reducing surface tension. Generally, emulsification index and surface tension are correlated; biosurfactant that has a high emulsification index is expected to decrease surface tension to lower values. In our study, biosurfactant produced in SmF had the highest E 24 and E 48 values, despite reducing surface tension to levels lower than SSF (with and without shaking). In the study of Abouseoud et al. (2008) , biosurfactants produced by P. fluorescens with 3 different carbon sources (hexadecane, olive oil, and glucose) had much the same surface tension value, although E 24 values showed changes. According to these results, it can be deduced that surface tension and emulsification index are based on growth medium components and growth condition.
The produced biosurfactant was comparable to the literature findings in terms of emulsification index (E 24 ) and surface tension values of SmF, SSF with shaking, and SSF without shaking at 60 ± 5.0%, 29 ± 2.5%, and 42 ± 4.0% and at 40.7 ± 0.9, 30.8 ± 0.8, and 30.6 ± 0.8 mN m -1 , respectively. These results showed that SSF without shaking was more efficient than SSF with shaking and more efficient than SmF in producing biosurfactants from P. ostreatus. These data supported the use of SSF, which requires lowcost substrates, simple equipment, and low energy. Based on these data, FT-IR spectroscopy was used for chemical characterization of the extracted biosurfactant from SSF with and without shaking (4.69 ± 0.2 and 4.095 ± 0.2 g L -1 , respectively). Both crude biosurfactants had fairly similar absorption bands. This means that shaking is not essential to produce an active biosurfactant in SSF. In addition, this result was supported by reduced sugar and protein levels. Both biosurfactants produced in SSF (with and without shaking) had almost the same level of reduced sugar and protein. Regarding the results of chemical composition analysis and FT-IR spectroscopy, it can be concluded that the produced biosurfactant is likely to be a carbohydratepeptide-lipid complex biosurfactant.
In conclusion, our results suggest that there is great potential for biosurfactant production by P. ostreatus using SSF. The highest emulsification index (E 24 ) values of SSF without shaking were 42 ± 4.0% and the surface tension value was 30.6 ± 0.8 mN m . According to the results of chemical composition and FT-IR analysis, the produced biosurfactant is a complex type of biosurfactant. Further investigation regarding structural characterization and applications of the biosurfactant obtained are in progress. Furthermore, sunflower seed shell was used as a solid substrate in SSF production; hence, it was not only an alternative way to reduce environmental pollution, but also a potential approach for production of valuable biotechnological products.
